• Signatures of genetic bottlenecks and reduction of populations' fitness were observed in populations of Luehea divaricata in southern Brazil. • Lower levels of observed heterozygosity are correlated with populations' fitness, decreasing germination capacity and increasing the proportion of anomalous germinated plantlets. • Promoting the connection among populations is proposed as a key strategy towards conservation of L. divaricata genetic resources in its southernmost distribution range.
Introduction
About 65 million years ago, during the Tertiary, the Earth's climate became colder, with recurrent oscillations that increased in amplitude and lead to the series of major ice ages of the Quaternary (Hewitt 2000) . Present patterns of genetic diversity and variation observed in natural populations of the temperate zones have been postulated to be result of the last glacial period and the subsequent recolonization when animal and plant species expanded into lands earlier not able to be inhabited (Dumolin-Lanpègue et al. 1997) . Similar movements of animals and plants may have occurred into subtropical and temperate zones of the Southern Hemisphere. During major glaciations the polar ice sheets spread considerably, and vegetation zones were compressed basically towards the Equator (Hewitt 2000) . When climatic conditions became more favorable during the present interglacial, some species that survived in these refugia moved into new areas in higher latitudes. Thus, extant populations growing in higher latitudes likely faced harsher climatic conditions in comparison to populations from Equatorial zones, being established with reduced effective population size.
Reduction of population census size (demographic bottlenecks) and reduction of effective population size (genetic bottlenecks) as result of climatic shifts, habitat fragmentation and populations' isolation have been documented as a recurrent event in forest tree populations (e.g. Ledig et al. 1999; Al-Rabab'ah and Williams 2004; Stefenon et al. 2008) . Such reductions of effective population size may result in very negative outcomes to these populations, guiding them to a decline in adaptive and reproductive potentials, and to increased risk of extinction (Nei et al. 1975 ) as effect of demographic, genetic, and environmental stochasticity (Luijten et al 2000) . A large number of studies have shown that the postglacially colonized regions have lower genetic diversity in comparison to refugia areas (Hewitt 2000) .
Although demographic and genetic bottlenecks may be directly correlated, populations experiencing a reduction in census size may not suffer a severe effective size reduction, as well as currently large populations may have experienced drastic genetic bottlenecks in a recent past (Peery et al. 2012 ). Thus, management and conservation programs for threatened, ecologically important or commercially valuable plant species should include genetic monitoring, as reduction in population effective size can occur without being detected by traditional demographic monitoring approaches. For instance, due to the high reproductive output of forest plant species, there is always the chance that the next generation is descended from a small number of individuals, resulting in a cryptic genetic bottleneck without a reduction of population census size (Luikart et al. 1998a) .
Populations with declined effective size may suffer the effects of genetic drift, which will lead to the fixation of alleles and loss of genetic variation (Luijten et al. 2000) , increasing genetic differentiation among populations and generating inbred progenies. Such progenies will in turn be composed by high incidence of individuals that are homozygous for alleles identical by descent (Keller and Waller 2002) and suffer the effects of the inbreeding depression. Inbreeding depression negatively affects fitness throughout the life cycle of plants (Finkeldey and Hattemer 2007) , reducing the reproductive potential (and thus the adaptive efficiency). Several studies, based mainly on comparing plant populations that differ in size or levels of genetic variation, reveal significant inbreeding effects on seed set, germination, survival and resistance to stress (Keller and Waller 2002) .
In a recent study (Nagel et al. 2015) , significant inbreeding coefficient and high levels of putative half-and full-sibs were recorded in five populations of Luehea divaricata Mart. et Zucc. (Malvaceae) from Southern Brazil. Since the census population sizes in widespread tree species tend to be historically large, while effective population sizes tend to be only slightly lower than census numbers (Al-Rabab'ah and Williams 2004), these genetic patterns may be indicatives of an ancient founder effect (Nagel et al. 2015) .
Luehea divaricata occurs through out a large range of geographic distribution in South America (Fig. 1) , growing mainly along rivers in riparian forests on both wet and drained soils, in semi-devastated forests, in secondary forests and coppices (Reitz et al. 1988) . It is a cosexual hermaphrodite species pollinated mainly by bees and hummingbirds (Backes and Irgang 2002) and with wind dispersed seeds (Paoli 1995) . This species can reach up to 25 m in height and 80 cm diameter at breast hight (DBH) and is frequently recommended in reforestation programs of riparian forests in Brazil (Ceconi et al. 2006 ). Due to the high flexibility of its wood, L. divaricata is also employed as raw material for handmade furniture. Leaves of L. divaricata are used as phytotherapic product for dysentery, leucorrhea, rheumatism, blennorrhoea and tumors, while their roots have depurative properties (Tanaka et al. 2005 ) and the infusion of its flowers and stem bark is used in the treatment of respiratory diseases (Teixeira et al. 2016) .
Although L. divaricata is currently not listed as a threatened species in official documents, the fragmentation of its populations may lead the species to endangerment (Conson et al. 2013; Nagel et al. 2015) . In such conditions, the maintenance of species adaptability is not assured, given the negative effects of genetic drift and inbreeding in isolated populations, mainly in fragments with small effective population size (Nagel et al. 2015) .
When analyzed in the appropriate theoretical framework, molecular genetic methods provide a powerful tool for inferring the demographic history of populations and recent reductions in effective population size (Cornuet and Luikart 1996; Luikart et al. 1998b; Beaumont 1999; Wang 2005) . Reductions in effective population sizes are expected to directly affect the distribution of alleles in neutral loci (Nei et al. 1979) . Using neutral markers such as microsatellites, statistical tests can detect signatures of recent severe effective population size reductions, such as drifts in the expected distribution of alleles based on their frequency (Luikart et al. 1998b ), heterozygosity excess relative to expected under mutation-drift equilibrium (Cornuet and Luikart 1996) , low rate of the alleles number in relation to the overall range in fragment sizes (M-ratio; Garza and Williamson 2001) and increased linkage disequilibrium (Flint-Garcia et al. 2003) . In this study, we used different tests based on genetic data from microsatellite markers to examine whether populations of L. divaricata from the Brazilian Pampa exhibit molecular signatures of historical genetic bottlenecks. In addition we estimated the mean reproductive success of these populations by measuring seed germination traits as an indirect estimation of the populations' fitness. Correlation analysis was employed to evaluate the influence of inbreeding depression and germination traits. We intended to answer the following questions: 1) Have populations of L. divaricata from their southern distribution range of distribution experienced genetic bottleneck events? 2) If so, have these events caused loss of population fitness due to inbreeding depression? 2 Material and methods
Sampling strategy and Microsatellite genotyping
Plant material of L. divaricata was sampled in five natural populations in southern Brazil, within the Brazilian Pampa (Fig. 1 ), a region dominated by a savanna-like environment (Roesch et al. 2009 ). Healthy leaves of at least 30 adult individuals were collected in five populations of L. divaricata (n = 167) and genotyped using nuclear microsatellite markers. Given the small extent of the studied forest fragments, this sample size covered at least 90% of the adult individuals in each population. The five populations are separated from one another by grassland formations, croplands or urban areas. About 50 mg of plant material was washed with 70% ethanol and distilled water, disrupted in collection microtubes using the TissueLyser (Qiagen ® ) grinder with 3 mm tungsten beads, and total DNA was extracted using the Invisorb Plant Mini Kit (Invitek ® ), following the instructions of the manufacturer. Isolated DNA was eluted in 100 μL of elution buffer and deposited at -20 °C until use. The quality and the amount of the extracted DNA were evaluated on a NanoVue TM Plus Spectrophotometer (GE Healthcare).
Ten microsatellite loci developed by Ruas et al. (2009) were tested, and genotypes of all samples were scored at five putatively neutral nuclear microsatellite loci (Ldiv31, Ldiv40, Ldiv48A, Ldiv55 and Ldiv58), which revealed reliable banding patterns in the gels. The PCR amplification of all loci was performed in an Eppendorf ® Thermal Cycler in 25 μL reactions, comprising 40 ng of template DNA, 1X PCR buffer, 2.5 mM MgCl 2 , 1.0 U Taq DNA polymerase (Invitrogen ® ), 0.2 mM of each dNTP and 10 μM of each primer. PCR parameters were defined as described by Ruas et al. (2009) , concerning one initial cycle at 94 °C for 4 min, followed by 16 touchdown cycles of 94 °C for 30 s, 65 °C for 30 s (decreasing of 1 °C per cycle) and 72 °C for 30 s, continuing with 20 additional cycles of 94 °C for 30 s, 50 °C for 30 s, 72 °C for 30 s and a final extension step at 72 °C for 7 min. All fragments were separated on 30 cm 10% polyacrylamide gels, stained with silver nitrate as described by Stefenon and Nodari (2003) and photographed using a digital camera. Alleles were scored from the digital pictures using the software TotalLab TM TL120 (Nonlinear Dynamics).
Search for signatures of reduced effective population size
Signature of reduced population size was tested using different approaches, aiming to assess signatures of genetic bottleneck events over a wide variety of demographic scenarios (different pre-bottleneck θ, bottleneck severity, time since the bottleneck beginning and speed of sample size recover) and distinct mutation models, the stepwise mutation model (SMM) or the two-phased mutation model (TPM).
The first method consists in testing for heterozygosity excess in comparison to predictable heterozygosity under mutation-drift equilibrium considering the observed number of alleles (Cor-nuet and Luikart 1996) . Estimates of the expected heterozygosity under mutation-drift equilibrium (H EQ ) were obtained by simulating the coalescent process (Kingman 1982) using 10 000 iterations for each population following the stepwise mutation model (SMM; Ohta and Kimura 1973) and the two-phased mutation model (TPM; Di Rienzo et al. 1994) , as these are considered most appropriate for microsatellites (Di Rienzo et al. 1994; Garza and Williamson 2001) . The Hardy-Weinberg heterozygosity (H E ) is based on the allelic frequencies and was computed as
p i is the frequency of the i th allele. Bottlenecked populations are expected to reveal a significant excess of Hardy-Weinberg heterozygosity (H E ) in comparison to the heterozygosity estimated under mutation-drift equilibrium (H EQ ). Statistical significance of the analyses was assessed through the one-tail Wilcoxon test (Luikart et al. 1998a ). All computations were performed using the software Bottleneck 1.2.02 (Piry et al. 1999 ).
The second method assumes that populations that experienced a recent reduction in effective size tend to show a shift in the allele frequency distribution, with the incidence of alleles at frequency inferior to 0.1 becoming lower than the incidence of alleles in intermediate allele frequency classes (Luikart et al. 1998b) . For this mode-shift analysis under the stepwise mutation model, alleles were grouped into ten allele frequency classes (0.001-0.100, 0.101-0.200, 0.201-0.300, etc.) and plotted into a frequency histogram, as performed in the software Bottleneck 1.2.02 (Piry et al. 1999) . Bottlenecked populations tend to present a shifted mode distribution, while populations that did not suffer reduction in effective size display a L-shaped distribution.
The third method comprises the analysis of the ratio of the total number of alleles (k) to the overall range in allele size (r) as = M k r (Garza and Williamson 2001) . To test whether M-values are lower than expected (cases in which a population experienced a bottleneck), the critical M-value (M c ) was estimated for each population by simulating 10 000 replicates of the coalescent process conditional on the populations' allelic information. We used the two-phased mutation model assuming a proportion of one-step mutations (p s ) of 0.22, a mean size of non one-step mutations (Δ g ) of 3.1 (following Vigoroux et al. 2002 and Peery et al. 2012 ) and pre-bottleneck effective population sizes N e = 500, N e = 100 and N e = 50, considering a mutation rate μ = 5×10 -4 . The analysis was performed using the software M_P_val (Garza and Williamson 2001) .
Since a genetic bottleneck may also generate linkage disequilibrium in natural populations (Wang et al 1998; Flint-Garcia et al. 2003) , the nonrandom association of alleles at different loci was also investigated. Contingency tables were created for all pairs of loci in each population and the log likelihood ratio statistic (G-test) was computed for each table using the Markov chain algorithm with 10 000 dememorisation steps, 1000 batches and 10 000 iterations per batch in the software GenePoP (Raymond and Rousset 1995).
Estimation of populations' reproductive success
The mean population reproductive success was evaluated through the analysis of seeds' germinability, the speed of germination and the proportion of anomalous germinated plantlets. Openpollinated seeds were collected from six mother trees (25 seeds/tree) in each population, except in population BR290 that failed in producing flowers and fruits during the spring season in year 2014. All 600 seeds were placed in petri dishes lined with filter paper, saturated with distilled water, and placed in a growth chamber at 25 ± 1 °C and a photoperiod of 12 h of light to germinate. Embryos emergence was monitored each seven days during eight weeks.
Seeds' germinability was estimated as the percentage of seeds in which the germination process reached the stage of emergence of a live embryo (Ranal and Santana 2006) . The speed of germination (SG) was estimated following Maguire (1962) based on the summation of the emerged embryos at each counting time as
where E 1 is the number of emerged embryos at the first week, t 1 is the time of the first counting (1st week) and n is the last counting time (8th week). The proportion of anomalous germinated plantlets was determined as the percentage of germinated plantlets that presented atypical development as the absence of one or both cotyledons, absence of the root systems or distorted growth of the plantlet. The correlation between each germination trait and the inbreeding coefficient (f) and the observed heterozygosity (H O ) was estimated through the Pearson's product-moment correlation coefficient (r) using the Free Statistics Software v1.1.23-r7 (Wessa 2016) . The inbreeding coefficient is an estimation of the level of genetic correlation between individuals within the population, and was measured as the kinship coefficient between gene copies within individuals (Nagel et al. 2015) , while the observed heterozygosity is an estimation of the actual population's level of genetic diversity.
Results

Heterozygosity excess
Signature of recent genetic bottleneck was detected in the analysis of heterozygosity excess for populations Camboazinho, Canas and BR290 for the TPM model and just in population Camboazinho for the SSM model, with statistically significant difference between H E and H EQ (p < 0.05; Table 1 ). The mean expected heterozygosity under Hardy-Weinberg expectations ranged from H e = 0.53 in population Cacequi to H e = 0.77 in population Canas (Table 1) .
Allelic Frequencies Distribution
Concerning the distribution of allelic frequencies, just population BR290 revealed a shifted distribution, suggesting the occurrence of recent reduction in population effective size. All other populations presented normal L-shaped distribution of the alleles frequency (Table 1; Fig. 2 ). Camboazinho 4.4 0.69 5 (p = 0.02) 5 (p = 0.02) L-shaped 0.61 p = 0.030 p = 0.009 p = 0.007 Canas 7.0 0.77 5 (p = 0.02) 4 (p = 0.11) L-shaped 0.64 p = 0.047 p = 0.015 p = 0.012 Inhatinhum 4.8 0.61 4 (p = 0.31) 3 (p = 0.41) L-shaped 0.63 p = 0.045 p = 0.015 p = 0.009 Cacequi 3.8 0.53 4 (p = 0.11) 2 (p = 0.68) L-shaped 0.46 p = 0.006 p = 0.001 p = 0.002 BR290 4.4 0.61 4 (p = 0.03) 4 (p = 0.31) Shifted 0.51 p = 0.026 p = 0.006 p = 0.002 K: number of alleles; H E : Hardy-Weinberg heterozygosity; TPM: two-phased mutation model; SMM: Stepwise mutation model; M-value: ratio of the total number of alleles to the overall range in allele size; N e : effective population size lowest M-value was observed in population Cacequi (M = 0.46) and the highest in population Canas (M = 0.64; Table 1 ). Additional evidences of a recent genetic bottleneck in all populations were observed when considering the critical M-value (M c ) estimated for each population. Independent of the pre-bottleneck effective population size considered (N e = 50, 100 or 500), the M-values of all populations were significantly lower (p < 0.05; Table 1 ) than the estimated M c -values. The mean number of alleles observed in each population ranged from k = 3.8 (population Cacequi) to k = 7.0 (population Canas; Table 1 ).
M-Ratio analysis
Linkage disequilibrium analysis
Significant linkage disequilibrium (LD) was detected in 14 out of the 50 pairwise loci combinations in the five populations (p < 0.05; Table 2 ). However, no pairs of loci revealed significant LD in all populations. Population Camboazinho presented five pairs of loci (50%) with significant LD and population Canas presented seven pairs (70%), suggesting effects of genetic bottleneck events. Populations Inhatinhum and BR290 presented one pair each (10%), while no pair of loci presented significant LD in population Cacequi, failing to capture signature of effective population size decline in this analysis. 
Populations' reproductive success
After eight weeks in the growth chamber, the higher seeds' germinability was observed in population Camboazinho (40.67%), followed by Cacequi (32.67%), Canas (19.33%) and Inhatinhum with 18.00% (Table 3) . However, population Cacequi revealed a much higher speed of germination (14.18) in comparison to the other ones (Table 3) , presenting the faster seeds' germination and emergence. In population Camboazinho, mean speed of germination was 9.20, in Inhatinhum it was 7.98 and in Canas it equaled 5.04. The proportion of anomalous germinated plantlets ranged from 3.33% in Camboazinho to 7.33% in Inhatinhum (Table 3 ). The observed anomalies were the absence of one or both cotyledons, absence of the root systems and distorted growth of the plantlet.
A low correlation between seed's germinability and the inbreeding coefficient (f), and observed heterozygosity (H O ) was observed, being negative for f, but positive for H O (Table 3 ). The speed of germination revealed a high negative correlation (r = -0.86) with f and a very low positive correlation (r = 0.03) with the H O (Table 3 ). The proportion of anomalous germinated plantlets revealed low positive correlation with f, but negative with H O (Table 3) .
Discussion
Molecular signatures of the occurrence of effective size reduction in the southern populations of L. divaricata were captured for all studied populations, with different results among the heterozygosity-excess, shifts in allele frequencies and the M-ratio tests. Such result is related to the difference of the timespan since the reduction of population effective size occurred. Shifts in allele size distribution and heterozygosity excess are transitory phenomena and may be erased in approximately 0.2-4N e generations (Luikart and Cornuet 1998) , while low M-ratios may persist for hundreds of generations (Garza and Williamson 2001) . Considering an effective population size N e = 100 individuals during the bottleneck and a generation interval of 20 years for L. divaricata, the tests employed in this study cover a timeframe from 400 years (0.2N e generations) to 10 000 years (500 generations), enabling the capture of effective size reduction signatures within this timeframe.
Despite the lack of records about the historical census size of the studied populations, the palynological record of an adjacent site (Behling et al. 2005 ) suggests a colder and drier climate Table 3 . Mean seeds' germinability (%), speed of germination (mean ± SD), proportion of anomalous germinated seeds (%), inbreeding coefficient (f), and observed heterozygosity (H O ) of L. divaricata in four populations within the Brazilian Pampa biome. Values of the germination traits are the mean for six mother-trees and 25 seeds/tree. The correlation (r) between each germination trait and the inbreeding coefficient and observed heterozygosity was estimated using the Pearson's product-moment correlation coefficient. to this region up to about 5000 years before the present, making the demographic growth of forest species very hard. Large ice sheets or permafrost were not commonly observed in South America during the Quaternary ice ages (Hewitt 2000) . However, the colder and drier climate (Behling 2002; Behling et al. 2005 ) likely led many plant species to experience significant reduction in effective population size, as suggested for Araucaria angustifolia populations from southern Brazil (Stefenon et al. 2008) , and for a small isolated population of Pinus taeda in North America (Al-Rabab'ah and Williams 2004) . In addition, ancient anthropic interference may not be discarded, since the earlier human inhabitants of this region are dated from this period (Behling et al. 2005; Schmitz 2006 ). Estimations of heterozygosity excess found in populations of L. divaricata from the Atlantic Forest were considered signatures of genetic bottlenecks originated from habitat loss and overharvesting (Conson et al. 2013) , leading populations to isolation and fragmentation. Thus, the current genetic status of the species may be effected not only from climatic events from the Holocene, but may also have been influenced by ancient and recent human action. The action of indigenous people modifying the environment (e.g. cleaning the forest understory in the plantation of crops and dispersing seeds) was considered an important factor in shaping the current occurrence area and genetic structure of A. angustifolia in Southern Brazil (Stefenon et al. 2008) .
The impact of the continuous isolation of small-sized forest formations may lead this species to loss of genetic diversity and adaptability potential within few generations due to inbreeding and genetic drift (Stefenon and Costa 2012) . In small populations, the effects of genetic drift result in the consistent loss of rare allelic combinations, increasing linkage disequilibrium (LD) levels (Wang et al. 1998; Flint-Garcia et al. 2003) . In our analysis, no pair of loci revealed significant LD in all populations, suggesting that the observed LD is not result of physical linkage, but caused by recent reduction in effective population size and accompanying genetic drift. During a bottleneck, only few allelic combinations are transmitted to future generations, causing substantial LD (Flint-Garcia et al. 2003) . Accordingly, such loss of alleles was detected in the M-ratio analysis and in the heterozygosity-excess test for populations Camboazinho e Canas, which presented 50% and 70% of loci pairs with LD, respectively.
The founder effect of a bottleneck is expected to generate populations with low genetic diversity. The mean levels of genetic diversity overall loci estimated through number of alleles ( k < 4.8 in four out of five populations) and expected heterozygosity under Hardy-Weinberg proportions ( H E > 0.53) corroborates the expectation of bottlenecked populations that loss alleles with higher intensity than heterozygosity (Nei et al. 1975) . In bottlenecked populations low frequency alleles are eliminated, reducing allelic richness, while the reduction in heterozygosity depends on the bottleneck size and on the rate of population growth after the bottleneck (Nei et al. 1975 ). Rapid population expansion may reduce the effects of the bottleneck, as suggested for bottlenecked populations of Pinus maximartinezii (Ledig et al. 1999) , Pinus resinosa (Echt et al. 1998 ) and A. angustifolia (Stefenon et al. 2008) . Similarly, L. divaricata populations may have experienced a relatively fast recovery of census size, accompanied by an increase of the expected heterozygosity (H E ), without recuperation of the allelic richness.
Such moderated levels of expected heterozygosity observed in populations of L. divaricata (Conson et al. 2013; Nagel et al. 2015) might also be effect of a high pre-bottleneck diversity. This moderate genetic diversity allowed the species extending over a large range of environments in South America across the Pampa, Atlantic Forest and Cerrado biomes and may be crucial for species survival under the current environmental changes.
Despite this moderate level of expected heterozygosity, the reproductive success of these populations may be under threat. The germinability (a measurement of germination capacity), the speed of germination (a measurement of the seedlings vigor) and the proportion of anomalous germinated plantlets seem to be at least partially affected by the levels of inbreeding. The observed correlation suggests that higher levels of inbreeding led to a decrease in populations' fitness, decreasing germination capacity and seedling vigor, and increasing the levels of anomalous germinated plantlets. This occurs mostly due to the loss of rare alleles, fitting a model of founder event as proposed by Nagel et al. (2015) . As reported for Gentiana pneumonanthe (Oostermeijer et al 1994) and Swainsona recta (Buza et al. 2000) , the main concern regarding the increased level of gametic correlation is the reduction of individual fitness due to inbreeding depression and associated negative effects on the viability of small remnant populations. In addition, the potential for maternal plants in small populations to invest in offspring may also be reduced by inbreeding depression (Oostermeijer et al 1994) .
Germination timing influences survival and may have important fitness consequences under environmental uncertainty (Simons and Johnston 2000) , acting early in life history. Such early life history traits have been assumed to be under control of one or only a few loci (Husband and Schemske, 1996) . Therefore, inbreeding depression in this case may occur due to a few recessive lethals. Usually, different populations tend to fix different random subsets of deleterious alleles that mask each other when populations are crossed (Keller and Waller 2002) . Promoting connection among populations towards increasing populations' heterozygosity and decreasing inbreeding as a strategy for populations conservation is supported by the results of Newman and Tallmon (2001) , who demonstrated that one single migrant per generation can play an important role in preventing the harmful effects of inbreeding in small population and is sufficient to maintain genetic variation and fitness over short term. Accordingly, higher levels of observed heterozygosity in L. divaricata are correlated with populations' fitness through higher germination capacity and lower proportion of anomalous germinated plantlets. Thus, considering the low allelic richness and observed heterozygosity, and the decrease of populations' fitness, the promotion of connection among populations is an important strategy towards conservation of L. divaricata populations. The offspring from crosses among populations would significantly increase observed heterozygosity, decrease inbreeding and, consequently, increase populations' fitness.
